We report the magneto-transport properties of CaAl4 single crystals with C2/m structure at low temperature. CaAl4 exhibits large unsaturated magnetoresistance ∼3000% at 2.5 K and 14 T. The nonlinear Hall resistivity is observed, which indicates the multi-band feature. The first-principles calculations show the electron-hole compensation and the complex Fermi surface in CaAl4, to which the two-band model with over-simplified carrier mobility can't completely apply. Evident quantum oscillations have been observed with B//c and B//ab configurations, from which the nontrivial Berry phase is extracted by the multi-band Lifshitz-Kosevich formula fitting. An electron-type quasi-2D Fermi surface is found by the angle-dependent Shubnikov-de Haas oscillations, de Haas-van Alphen oscillations and the first-principles calculations. The calculations also elucidate that CaAl4 owns a Dirac nodal line type band structure around the Γ point in the Z-Γ-L plane, which is protected by the mirror symmetry as well as the space inversion and time reversal symmetries. Once the spin-orbit coupling is included, the crossed nodal line opens a negligible gap (less than 3 meV). The open-orbit topology is also found in the electron-type Fermi surfaces, which is believed to help enhance the magnetoresistance observed.
I. INTRODUCTION
Topological semimetals have been a recent research focus due to their novel properties in condensed matter physics. Dirac semimetals display a four-fold degenerate Dirac point with two linear crossing bands 1 . Cd 3 As 2 2-7 and Na 3 Bi [8] [9] [10] [11] are the typical Dirac semimetals. Once the space inversion or time reversal symmetry is broken, the Dirac semimetals will evolve into Weyl semimetals 12, 13 like TaAs family [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] or SrMnSb 2 /YbMnPn 2 (Pn= Sb and Bi) [26] [27] [28] [29] . Different from the Dirac and Weyl semimetals, PbTaSe 2 30 and ZrSiS family [31] [32] [33] possess a one-dimensional loop band touching, which are known as the nodal-line semimetals 34 . All of these topological semimetals have demonstrated interesting transport properties. Lately, transition-metal dipnictides XPn 2 (X=Nb or Ta; Pn= As or Sb) with C2/m structure have attracted tremendous attention due to the novel phenomena such as resistivity plateau, extremely large magnetoresistance (MR) and negative longitudinal MR etc. [35] [36] [37] [38] [39] [40] . It is believed that the extremely large MR in XPn 2 may originate from the electron-hole compensation, while the other mechanism may enhance it [35] [36] [37] [38] [39] [40] [41] [42] .
Motivated by previous results and discussions, we grew the high-quality CaAl 4 single crystals with the space group C2/m at room temperature and studied its transport properties and electronic structure in details. The first-principles calculations reveal that there is a Dirac nodal line around the Γ point in the Z-Γ-L plane, which is protected by the mirror symmetry as well as the space inversion and time reversal symmetries. However, the crossed nodal line opens a negligible gap (less than 3 meV) once the spin-orbit coupling (SOC) is included. Interestingly, an electron-type quasi-2D Fermi † Present address: Institute of Physics, Chinese Academy of Sciences.
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surface (FS) is observed, which plays an important role in the magneto-transport properties. Magneto-transport measurements on CaAl 4 display a large unsaturated MR up to 3000% at 2.5 K and 14 T. The nonlinear and negative Hall resistivity indicate the multi-band and electron dominant features, which is slightly in disagreement with the calculations. According to the analysis of the two-band model, the electron-hole uncompensation is expected, while the calculations suggest that the electron and hole are compensated. The mismatch is discussed in the main text of this paper. Besides, evident Haasvan Alphen oscillations (dHvA) and Shubnikov-de Haas oscillations (SdH) have been observed at low temperature and high magnetic field. Three fundamental frequencies have been extracted after the fast Fourier transform (FFT) analysis with B//c configuration. The multi-band Lifshitz-Kosevich (LK) formula fitting yields the nontrivial Berry phase. Angledependent SdH oscillations reveal that the γ pocket displays quasi-2D characteristic which is in agreement with the calculations.
II. METHODS AND CRYSTAL STRUCTURE
The high quality single crystals of CaAl 4 were grown by the self-flux method. The calcium and aluminum granules were put into the crucible and sealed into a quartz tube with the ratio Ca:Al=14:86. The quartz tube was heated to 900
• C, then cooled to 690
• C in 70 hours, and to 660
• C in 30 hours. The excess flux was removed by centrifugation. The atomic composition of CaAl 4 single crystal was checked to be Ca:Al=1:4 by energy dispersive x-ray spectroscopy (EDS, Oxford XMax 50). The single-crystal x-ray diffraction (XRD) pattern and temperature dependent powder XRD patterns were collected from a Bruker D8 Advance x-ray diffractometer using Cu K α radiation. TOPAS-4.2 was employed for the refinement. The measurements of resistivity and magnetic properties were performed on a Quantum Design physical property measurement system (QD PPMS-14T). The electronic structure was studied by the first-principles calculations with the projector augmented wave (PAW) method 43, 44 as implemented in the VASP package [45] [46] [47] . For the exchange-correlation functional, the generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) formula 48 was adopted. The kinetic energy cutoff of the plane-wave basis was set to be 350 eV. A 20×20×20 k-point mesh was utilized for the BZ sampling and the Fermi surface was broadened by the Gaussian smearing method with a width of 0.05 eV. The lattice parameters and internal atomic positions were fully relaxed until the forces on all atoms were smaller than 0.01 eV/Å. After the equilibrium structures were obtained, the electronic structures were calculated by including the SOC effect. The Fermi surfaces were studied by using the maximally localized Wannier functions (MLWF) method 49, 50 . The crystal structure of CaAl 4 is reported to be I4/mmm in the ICSD database. However, Miller et al. pointed out its structure transition from tetragonal to monoclinic at 443 K 51 and its room temperature structure is C2/m 51 which is the same as that of XPn 2 family. Figure 1(b) shows the XRD pattern of a single crystal at room temperature, which reveals the surface of the crystal is the (00l) plane. The powder XRD pattern (the sample is crushed from the single crystals) is also checked and shown in Fig. 1 (c) which can be well refined with C2/m (No.12) space group. The refined lattice parameters are a = 6.1695Å, b = 6.1842Å, c = 6.3451Å and β = 118.0647
• , which are in agreement with previous results 51 . In addition, the Young modulus indicated that there may exist another structure transition at ∼243 K 52 . Thus, we performed the temperature dependent XRD measurements on CaAl 4 powder sample between 300 K and 5 K as shown in Figs. 1(d) and 1(e) . The black line in Fig. 1(d) shows the XRD pattern of the sample platform at 300 K. The temperature dependent powder diffraction pattern does not change obviously[ Fig.1(e) ], in which only the peak position of the specific crystal plane changes slightly to the higher 2θ value with the decreasing temperature[ Fig.1(e) ], which originates from the decrease of the lattice parameters. Thus, there is no structure transition among this temperature range. 
III. RESULTS AND DISCUSSIONS
Figure 2(a) exhibits the temperature dependent resistivity ρ xx (0) and ρ xx (14T ). The ρ xx (0) shows metallic behaviour and the residual resistance ratio (RRR) equal to 57. The resistivity ρ xx (14T ) shows an upturn below 60 K accompanied with a plateau. Figure 2(b) plots the magnetic field dependent MR at various temperatures when B is applied parallel to c-axis. The MR reaches 3000% at 2.5 K and 14 T which is comparable to that of type-II Weyl semimetal Ta 3 S 2 53 . The MR in Fig. 2(b) shows B 1.6 field dependence which violates the Kohler's rule, indicating the coexistence of electrons and holes 54 . In order to thoroughly identify the characteristics of the carriers in CaAl 4 , we performed temperature dependent Hall resistivity measurements. The Hall resistivity ρ xy curves of CaAl 4 at various temperatures from 2.5 K to 200 K are shown in Fig. 2(c) . The two-band model is used to describe the Hall resistivity, 
where n e,h and µ e,h represent the concentration and mobility of electrons and holes, respectively. The red lines in Fig. 2(c) are the fitting results, and the temperature dependent concentrations and mobility are plotted in Figs. 2(d) and 2(e). At 2.5 K, n e = 3.5 × 10 21 cm −3 and it is almost eight times larger than n h = 4.5 × 10 20 cm −3 , and the µ e and µ h are 0.19 m 2 /V −1 s −1 and 0.23 m 2 /V −1 s −1 , respectively. Nevertheless, the first-principles calculations indicate that the electron and hole are compensated with the concentrations n e ≈ n h = 1 × 10 21 cm −3 . Both the quantum oscillations and the calculations confirmed the multi-band character in CaAl 4 , each of which shows different mobility. However, the two-band model simplified the mobility into a simple one µ e /µ h , which leads to the disagreement of concentrations between the fitting and the calculations.
Quantum oscillation experiment is an effective method in the study of topological materials. CaAl 4 shows obvious dHvA oscillations, as shown in Figs. 3(a) and 3(e) with magnetic field up to 14 T. The dHvA oscillations are more distinct at lower temperature and higher field. After subtracting a smoothing background, the periodic oscillations ∆M =M-<M> versus 1/B are shown in Fig. 3(b) for B//c and 3(f) for B//ab, respectively. Three fundermental frequencies F α =10.7 T, F β =48.4 T and F γ =588.3 T are obtained after the FFT analysis when the field is applied along c-axis. The number of FFT frequencies almost doubles when the field is applied along the ab-plane as presented in Table I , indicating the more complex FS cross sections along this direction. The oscillatory components versus 1/B of dHvA oscillations can be described by the LK formula 55 : 
where λ = (2π 2 k B m * )/(heB). T D is the Dingle temperature. The value of δ depends on the dimensionality, δ = 0 for the 2D system and δ = ±1/8 for the 3D system. β = φ B /2π and φ B is the Berry phase. The insets of Figs. 3(c) and 3(g) show the temperature dependent FFT amplitudes and the fitting by the thermal factor R T = (λT )/sinh(λT ) in LK formula, from which the effective masses are obtained to be m * α = 0.07m e m * β = 0.12m e and m * γ = 0.15m e (B//c). As is well known, topological non-trivial materials require a nontrivial π Berry phase, while for the trivial materials, the Berry phase equals 0 or 2π. In this work, it is a challenge to employ Landau level (LL) index fan diagram analysis since the oscillations contain too many frequencies. Thus, we applied multi-band LK formula fitting as displayed in Figs. 3(d) and  3(h) . The obtained Berry phases of each pocket are exhibited in Table I , several of which are close to π indicating the possible topological non-trivial characteristic. Figure 4 (a) displays ρ xx (B) versus magnetic field at various temperatures. The CaAl 4 exhibits obvious SdH oscillations at low temperature and high field (B//c). The oscillations tend to disappear with the increasing temperature and almost vanish at 25 K. Fig. 4(b) shows the FFT frequencies F In order to study its electronic structure in details, we applied angle-dependent SdH oscillation measurements. The rotation angle is defined as θ=0
• for B//c, θ=90
• for B//ab and B is always perpendicular to the current I as shown in the insert of the Fig. 4(d) . Figure 4 (c) displays the FFT frequencies extracted from the SdH oscillations at different orientations. F ′ γ shows an obvious angle dependent characteristic and is fitted by F =A/cos(θ) as shown in Fig. 4(c) , which implies the quasi-2D FS morphology.
The electronic structure of CaAl 4 with SOC is calculated and presented in Fig. 5(a) . The first-principles calculations elucidate that CaAl 4 owns a Dirac nodal line around the Γ point in the Z-Γ-L plane, which is protected by the mirror symmetry as well as the space inversion and time reversal symmetries. When the SOC is considered, the crossed nodal line opens a negligible gap which is less than 3 meV. This negligible gap almost has no effect on the topological properties, especially in the magneto-transport measurements. 
IV. SUMMARY
In conclusion, we synthesized the single crystals of CaAl 4 and confirmed its crystal structure as C2/m at low temperature. The possible secondary structure transition at ∼243 K indicated in previous results is not observed. The large MR reaches ∼3000% at 2.5 K and 14 T. The multi-band feature is revealed by the analysis of Hall resistivity and the firstprinciples calculations. The disagreement between the twoband model fitting and the calculations comes from the over simplified model. Evident dHvA oscillations have been observed, from which the nontrivial Berry phase is extracted from the multi-band LK formula fitting. CaAl 4 possesses a Dirac nodal ring type band structure around Γ point, which is protected by the mirror symmetry as well as the space inversion and time reversal symmetries. The crossed nodal line opens a negligible gap (less than 3 meV) when the SOC is included, which almost has no influence on the topological properties in the magneto-transport measurements. A quasi-2D electron-type FS is found by the angle-dependent SdH oscillations, in agreement with the calculations. The carrier compensation and topological nontrivial bands with high carrier mobility are believed to result in the large MR in CaAl 4 , while the observed open-orbit topology in part of the quasi-2D Fermi surface helps enhance it.
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